Structural, thermal, electronic, and electrical transport properties as well as high-field 57 Fe Mössbauer investigations are reported for thallium iron antimonide TlFe 4 Sb 12 , in which thallium attains the formal charge of +1. Similar to the isostructural NaFe 4 Sb 12 and KFe 4 Sb 12 homologues, the Tl-filled skutterudite is an itinerant ferromagnet with small ordered moment below T C = 80 K. The electronic structure calculated by density functional methods exhibits a band-ferromagnetic ground state and nearly half-metallic properties. The specific heat is dominated by a low-lying mode due to vibrations of the Tl cation in the cavity of the ͓Fe 4 Sb 12 ͔ polyanionic host. Electrical resistivity displays a characteristic hump and a sharp anomaly at T C . These features and the large magnetoresistance at low temperatures can be explained by a strong compensation of hole and electron carriers in the band structure. Fe Mössbauer spectroscopy confirms the magnetic character.
I. INTRODUCTION
Recently, we have shown by experimental and theoretical investigations that filled skutterudites MFe 4 Sb 12 with the alkali metals sodium and potassium as M component ͑"filler"͒ represent a distinct class of itinerant weak ferromagnetic half-metals. [1] [2] [3] In these compounds, the alkali metals donate one electron to the iron-antimony ͓Fe 4 Sb 12 ͔ framework ͑"host"͒, which gives rise to the stabilization of a highly spin-polarized ferromagnetic ground state below T C Ϸ 80 K. 3 In contrast, transfer of more than one electron by other cations results in paramagnetic ground states with strongly enhanced susceptibilities at low temperatures. [2] [3] [4] [5] [6] [7] Compounds with divalent cations are nearly ferromagnetic metals, 2, [5] [6] [7] with the exception of Eu y Fe 4 Sb 12 , where a ferrimagnetic spin structure of the Fe and Eu 2+ sublattice is observed. 8, 9 In their systematic studies of thermoelectric properties of filled skutterudites based on CoSb 3 , Sales et al. 10 synthesized and characterized the compounds Tl x Co 4 Sb 12−y Sn y and Tl x Co 4−y Fe y Sb 12 with Tl contents up to x = 0.8. [10] [11] [12] [13] Mainly, the thermal and electrical transport properties as well as the phonon spectra of these materials were investigated. The strong decrease of the thermal conductivity with increasing thallium content was attributed to localized incoherent vibrations of the Tl filler ͑"rattling"͒. A corresponding, remarkably low-lying Einstein mode ͑⌰ E =53 K͒ was observed both in the low-temperature specific heat and as a peak in inelastic neutron scattering experiments. 11, 13 These findings and the fact that thallium can be stabilized with an oxidation state of +1, where it should show many similarities with the alkali metals, 14 prompted us to synthesize the compound TlFe 4 Sb 12 , which represents a skutterudite completely based on iron as a 3d metal. In contrast to Co-based skutterudites, [11] [12] [13] in TlFe 4 Sb 12 all icosahedral voids are filled with thallium. An interesting aspect is the large mass of the Tl + cation compared to the other monovalent fillers ͑Na + and K + ͒ which have until now successfully been "inserted" in the ͓Fe 4 Sb 12 ͔ polyanion.
In this work, we show the results of magnetization, electrical resistivity, magnetoresistance, Hall effect, heat capacity, and high-field 57 Fe Mössbauer measurements as well as detailed electronic structure calculations. TlFe 4 Sb 12 haslike its Na and K homologues-a ferromagnetic ground state with T C = 80 K and a nearly half-metallic band structure with a high density of states at the Fermi level. Similar to the above-mentioned Co-based skutterudites, a low-lying vibrational mode of the Tl cations in the host lattice is observed and analyzed.
II. EXPERIMENT
The synthesis of TlFe 4 Sb 12 is similar to that of alkalimetal filled skutterudites. 2 First, an equiatomic precursor TlSb was prepared ͑Tl: 99.99 mass% Chempur, additionally refined by recrystallization from the melt; Sb: 99.99 mass% Chempur͒. The powdered precursor was ground together with FeSb 2 ͑Fe: 99.99 mass%, Chempur͒ and Sb powder in stoichiometric ratio within an argon gas-filled glovebox ͑O 2 , H 2 O impurities Ͻ1 ppm͒. This mode of synthesis helps to prevent possible contamination by toxic thallium, which must be handled with special care. 15 Tablets were pressed and sealed into Ta containers which were sealed into quartz tubes and subjected to several heat treatments ͑425°C for 7 days͒, regrinding, and compacting cycles. The compacted tablets kept their shape during the sintering process. Further efforts to increase the density of the samples were made by spark plasma sintering. 16 A density of 95% was achieved. No crystals suitable for single crystal x-ray diffraction could be obtained. TlFe 4 Sb 12 is stable in air and hydrochloric acid.
The samples were characterized using powder x-ray diffraction ͑XRD͒ performed on a HUBER G670 imaging plate Guinier camera, equipped with a Ge monochromator and Cu K␣ 1 radiation ͑ = 1.540 56 Å͒. The lattice parameters were refined by least-squares fitting of Guinier powder data with LaB 6 as internal standard, a = 4.156 92͑1͒ Å, by using WINXPOW ͑Ref. 17͒ and WINCSD ͑Ref. 18͒ program packages. The crystal structure at room temperature was refined with the WINCSD program based on powder XRD data ͑Cu K␣ 1 radiation͒ collected on a STOE STADIP-MP diffractometer using a zero-background sample holder. The chemical composition of a single-phase sample ͑no elemental Sb, FeSb, or FeSb 2 impurities could be detected͒ was deduced by chemical analysis employing the inductively coupled plasma optical emission spectroscopy method.
Magnetization was determined on a superconducting quantum interference device magnetometer ͑MPMS XL-7, Quantum Design͒. Zero-field cooling ͑ZFC, measured in heating͒ and field cooling ͑FC͒ runs, and isothermal magnetization curves were measured up to 0 H ext = 7 T. Demagnetization corrections were not applied. Magnetic properties were measured on powders which were treated with concentrated hydrochloric acid to reduce the concentration of an elemental iron impurity. 2 Susceptibility data in high fields, however, indicated that some residual ferromagnetic impurities ͑T C ӷ 400 K͒ were still present in the sample. Thus, an extrapolation of ͑T͒ vs 1 / H → 0 was applied ͑Honda-Owen method 2, 19 ͒ to obtain the susceptibility of the compound. Heat capacity was determined by a relaxation method ͑PPMS Quantum Design͒. Electrical resistance was measured with ac ͑I = 32 mA, f =13 Hz͒ on bar-shaped sintered material in a PPMS. Transversal magnetoresistance was determined at constant magnetic fields while sweeping the temperature. Additional magnetoresistance and Hall-effect data were obtained from isothermal magnetic field sweeps ͑ 0 H ext =0 T→ 9 T→ 0 T͒.
A standard constant-acceleration equipment was used to collect 57 Fe Mössbauer spectra in the temperature range between 43 and 295 K in transmission geometry. Calibration was performed against sodium nitroprusside ͑SNP͒ at room temperature. For the in-field experiments at 4.2 K and 0 H = 13.5 T ͑homogeneity 0.1%͒, calibration was performed by a coupled, simultaneous experiment at room temperature using a 57 CoRh source moved with the same driving unit as used for the experiment and an ␣-Fe foil. The 57 CoRh source for the measurements was mounted on a rod which is coupled to the driving unit and was placed in a fieldcompensated area inside the cryostat. Source temperatures varied between 5.4 and 25 K. All center shift ͑CS͒ values are given relative to the used sources. The spectra were analyzed by solving the full Hamiltonian taking into account both electrostatic and magnetic hyperfine interactions. Sample thickness was considered using the approximation described in Ref. 20 .
To investigate the electronic structure of TlFe 4 Sb 12 in comparison to the Na and K homologues, a full-potential nonorthogonal local-orbital calculation scheme ͑FPLO, 21 version 5.00-19͒ within the local ͑spin͒ density approximation ͑L͑S͒DA͒ was used. In the scalar-relativistic calculations, the exchange and correlation potentials of Perdew and Wang 22 were used. As the basis set, Na ͑2s, 2p, 3s, 3p, 3d͒, K ͑3s, 3p, 4s, 4p, 3d͒, Tl ͑5s, 5p, 5d, 6s, 6p, 6d͒, Fe ͑3s, 3p, 4s, 4p, 3d͒, and Sb ͑4s, 4p, 4d, 5s, 5p, 5d͒ states were employed. The lower-lying states were treated fully relativistically as core states. The Na and K 3d states as well as the Sb 5d and Tl 6d states were taken into account as polarization states to increase the completeness of the basis set. The treatment of the semi-core-like states Na ͑2s, 2p͒, K ͑3s, 3p͒, Tl ͑5s, 5p, 5d͒, Fe ͑3s, 3p͒, and Sb ͑4s, 4p, 4d͒ as valence states was necessary to account for otherwise non-negligible core-core overlaps. The spatial extension of the basis orbitals, controlled by a confining potential ͑r / r 0 ͒ 4 , was optimized with respect to the total energy. 23 A dense k mesh of 1256 points in the irreducible part of the Brillouin zone ͑27 000 in the full zone͒ was used to ensure accurate density of states and band structure information, especially in the region close to the Fermi level. In the refinement of the powder XRD data, the occupation and the atomic displacement parameter of the atom on the 2a site ͑Tl͒ were refined simultaneously. An occupation of 96.1͑8͒% of the 2a site with Tl was deduced. It has to be kept in mind that the occupation factor of the 2a site is strongly correlated with the atomic displacement parameter, and both are influenced by x-ray absorption effects. Since the occupation factor is in fair agreement with the chemical analysis, the degree of filling ͑for consistency of the follow- ing calculations and discussions͒ was fixed to the value obtained from the chemical analysis ͑viz. x = 0.98͒. The fair agreement of the occupation values from both methods also confirms the trustability of the other parameters refined from the XRD data. Since no crystals are available for a more thorough study of the structural parameters, more accurate values, e.g., for the atomic displacement parameters, could not be obtained until now.
III. RESULTS

A. Crystal structure
The filling of the icosahedral voids with Tl is, thus, nearly complete. This is in contrast to Co-based skutterudite compounds, where a maximum filling of 0.8 is attained in Tl 0.8 Co 3 FeSb 12 and Tl 0.8 Co 4 Sb 11 Sn at the cost of substituting on either the transition metal or the pnictogen site by one atom with one electron less. 13 The ͓Fe 4 Sb 12 ͔ polyanion features four electrons less than ͓Co 4 Sb 12 ͔, leading to a full occupation of the icosahedral voids and a charge transfer of one electron from the thallium. Tl, however, is monovalent in TlFe 4 Sb 12 and only its 6p electron is transferred. The ionization energies for formation of Tl + and K + cations are low and comparable, but, on the other hand, for a Tl 3+ species it significantly exceeds those values and also those observed for the more electropositive rare-earth metals. 25 Moreover, the +3 oxidation state would result in a significantly smaller ionic radius, comparable with those observed for the heavy rare-earth ions, 26 for which no equilibrium MFe 4 Sb 12 compounds exist. 10, 27 Nevertheless, the atomic displacement parameter of Tl is larger than the parameters of Fe and Sb. Such a behavior is observed in all antimony-based filled skutterudites and can be understood in terms of strong vibrations of the cations in the spacious cavities of a rather rigid three-dimensional covalently bonded Fe-Sb framework. 2 Comparing the ratio B iso ͑M͒ / B iso ͑Fe͒ for the Tl and Na compound, it is obvious that this ratio increases with decreasing size and decreasing atomic mass of the cation. The fact that B iso ͑Fe͒ Ͼ B iso ͑Sb͒ in TlFe 4 Sb 12 is in accord with the atomic mass ratio, suggesting that, predominantly, the thermal motion determines the atomic displacement. Figure 2 shows the magnetization of TlFe 4 Sb 12 in several external fields. In low fields, a sharp transition to a ferromagnetic state below T C =80͑1͒ K is found, which is smeared out and shifted to higher temperatures by larger fields. The ordering temperature is identical to those of NaFe 4 Sb 12 and KFe 4 Sb 12 ͓T C =80͑1͒ K, Refs. 1 and 2͔. The magnetization at 1.8 K increases strongly with the external field and reaches Ϸ0.50 B / Fe-atom at 1 T and 0.62 B / Fe-atom at 7 T. However, the hysteresis is very small and is already closed at fields of order 0.1 T ͑see Fig. 3͒ , similar to the Na and K homologues. 1, 2 This slow increase of M beyond the technical saturation has been explained by the presence of strong spin fluctuations in the magnetically ordered state. 2 For FC curves, the magnetization increases with decreasing temperature in the usual fashion; however, for ZFC curves, in some samples a steplike increase of the magnetization with increasing temperature ͑as for the sample presented in Fig. 2͒ at around 30 K is observed. This effect is probably correlated with a peak seen in the ac susceptibility of some NaFe 4 Sb 12 samples, 1 which is presumably due to domain or relaxation effects.
B. Magnetization
The paramagnetic effective moment extracted from a Curie-Weiss fit to M / H at high temperatures yields 1.69 B / Fe-atom with P = + 88.3 K, i.e., P is slightly larger than T C . The effective magnetic moment is very similar to that of the Na and K homologues, indicating that this eff stands for one-quarter of the ͓Fe 4 Sb 12 ͔ polyanion. In the case of Na, K, and Tl, one electron is transferred from the nonmagnetic cation to the ͓Fe 4 Sb 12 ͔ host. 2, 28 Note the large ratio of the paramagnetic effective moment to the ordered mo- 
C. Electrical transport
The electrical resistivity of filled skutterudite compounds strongly depends on the density of the sample. 7, 30 The pure sample of TlFe 4 Sb 12 , whose data are presented here, was not so highly compacted as our other MFe 4 Sb 12 materials ͑M =Na,K,Ca,Sr,Ba, etc.͒. 2 The room temperature resistivity of ͑as-prepared͒ TlFe 4 Sb 12 is about 8.3 m⍀ cm and drops to 0 Ϸ 0.26 m⍀ cm at 1.8 K. As a test, a sample of TlFe 4 Sb 12 was compacted by spark plasma sintering ͑SPS͒ under similar conditions as other MFe 4 Sb 12 materials ͑p = 0.4 GPa, T = 250°C, and duration of 2 h͒. In this sample, ͑300 K͒ decreased significantly to 1.2 m⍀ cm, but 0 was still 0.2 m⍀ cm. Thereby, it was found from magnetic susceptibility measurements at room temperature that the SPS treatment generated ferromagnetic iron impurities ͑some 100 ppm͒. Similar observations were made for other MFe 4 Sb 12 compounds. 2 For pure filled skutterudite samples of different bulk densities, it has been observed that the resistivity data ͑T͒ can be scaled by a constant factor onto a common curve, i.e., in a porous sample, both the residual resistivity 0 and ͑300 K͒ increase by about the same factor. This remarkable behavior is probably due to a different number of grain boundaries. For that reason, we used the as-prepared material also for the magnetotransport measurements. As typically observed for MFe 4 Sb 12 skutterudites with monovalent M + and, especially, with divalent cations M 2+ , ͑T͒ shows a strong increase with T below Ϸ80 K, crossing over to an almost linear increase at higher temperatures. 28 Superimposed upon this shoulder in ͑T͒, at T C = 80 K, a sharp change of slope is observed, as clearly seen as a cusp in the derivative d / dT at 80 K ͑Fig. 4, inset͒. As in the Na and K homologues, 28 the resistivity follows a T 2 dependence to almost 40 K ͑ϷT C / 2͒, suggesting a Fermi liquid behavior. A fit of ͑T͒ below 7 K with the expression 0 + AT ␣ results in ␣ = 2.09.
The magnetoresistance ratio MRR ͓͑H͒ − ͑0͔͒ / ͑0͒ versus temperature is also given in Fig. 4 for three constant fields. There is a negative dip on the MRR at the Curie temperature followed by a large positive value at low temperatures. Qualitatively the same behavior is observed for the ferromagnetic filled skutterudites with M = Na and K 28 butexcept for the negative dip at T C -also for the paramagnetic compounds with M = Ca, Sr, and Ba. 5, 28 By Hall-effect measurements, it has been shown that filled skutterudites with alkali and alkaline-earth cations have a very low uncompensated charge carrier concentration. The Hall resistivity for the SPS-treated TlFe 4 Sb 12 sample is Ϸ5 ϫ 10 −7 ⍀ cm T −1 at 2 K and about half this value at room temperature. This is about a factor of 3 or 4 lower than for KFe 4 Sb 12 or NaFe 4 Sb 12 , respectively, 28 but still a large Hall resistivity, indicating a partial compensation of holes and electrons, in agreement with the electronic structure ͑see below͒.
D. Specific heat
The specific heat of filled skutterudite compounds MFe 4 Sb 12 shows two remarkable characteristics. 28 First, a large electronic term ␥T ͑␥ Ϸ 100-200 mJ mol −1 K −1 ͒ due to a high electronic density of states at E F with only a small band mass enhancement both for ferromagnetically ordered and nearly ferromagnetic compounds. 28 Second, a low-lying vibrational mode due to the vibrations of the filler cation M. A model for the specific heat involving an Einstein mode for the latter contribution has previously been applied to rare-earth 5, 31 or thallium 13 ions in skutterudites. In our approach, we use only the low-temperature specific heat ͑T Ͻ⌰ D / 10͒. It can be successfully modeled by an Einstein mode in addition to the usual Debye terms for several filled skutterudite compounds. 28 A very similar picture evolves for TlFe 4 Sb 12 . Figure 5 shows c p ͑T͒ below 14 K in comparison with other ferromagnetic filled skutterudite compounds. 28 Tl is a heavy filler cation and, thus, a very low frequency of the vibrational mode can be expected. Indeed, c p ͑T͒ of TlFe 4 Sb 12 is much larger than that of the isostructural Na and K compounds. The fact that this enhancement of c p ͑T͒ is indeed predominantly due to the Einstein mode can be demonstrated by an analysis as detailed in a forthcoming publication. 28 For TlFe 4 Sb 12 , we can fit the data well to the equation
where ⑀ is the amplitude of the Einstein term. When setting ⑀ = 0.98ϫ 3R ͑R = molar gas constant͒ according to the filling factor of Tl in TlFe 4 Sb 12 , the parameters are ␥ = 127.0͑2.5͒ mJ mol −1 K −2 and ␤ = 2.241͑38͒ mJ mol −1 K −4 , corresponding to ⌰ D ͑0͒ = 239 K for 16 atoms, and ⌰ E = 54.7͑3͒ K. However, the fit shows significant deviations from the data, especially below 5 K, and the resulting ␥ is clearly too large. Including the higher-order term in the Debye approximation, ␦T 5 , does not improve the fit significantly. If, however, ⑀ is allowed to vary, the least-squares deviation decreases by a factor of Ϸ50. 
The resulting ⑀ is smaller than ͑filling factorϫ 3R͒ expected for the full Einstein mode of the cation ͑a sharp excitation at energy ⌰ E / k B ͒. Actually, the analysis of c p ͑T͒ suggests that only 64% of the spectral weight of the Tl vibrations are concentrated in the lowest-lying peak of the phonon density of states ͑PDOS͒. The above observation of a too small ⑀ has also been made for the specific heat of some other skutterudites with heavy cations ͑M = La and Yb͒. 28 With our fitting model, a smaller ⑀ may be partially caused by a large linewidth of the vibrational mode of Tl. For the related skutterudite Tl 0.8 Co 3 FeSb 12 , however, a quite narrow ͑Ͻ0.9 meV͒ line was observed at 4.9 meV ͑and assigned to the Tl Einstein mode͒. 13 Thus, we consider this effect as not that important. In our fitting model, contributions of the cations to the PDOS at much higher energies will become absorbed in the Debye term of the fit function for c p ͑T͒. Since the vibrational properties of the cations depend on the potential inside the icosahedral cage of Sb, the discussion of the cation Einstein term in TlFe 4 Sb 12 will be resumed after discussing the electronic structure ͑Sec. III E͒. There, also an explanation for the smaller than expected value of ⑀ will be given. Besides this amplitude ⑀, the obtained ⌰ E is very similar to the values observed by Hermann et al. 13 via specific heat and inelastic neutron scattering.
Due to the dominant Fe 3d and Sb 4p states at the Fermi level ͑see below͒, the value for the Sommerfeld coefficient ␥ of TlFe 4 Sb 12 is of the size observed for other MFe 4 Sb 12 , with M = Na, K, Ca, Sr, and Ba ͑100-120 mJ mol −1 K −2 ͒.
28
E. Electronic structure
The calculated nonmagnetic total electronic density of states ͑DOS͒ for TlFe 4 Sb 12 in comparison to KFe 4 Sb 12 is plotted in Fig. 6 . As a main result, we find that the Tl skutterudite is electronically very similar to the related alkalimetal compounds. The region above −5 eV, which is predominantly formed by Fe 3d and Sb 5p states, shows almost identical width and shape. This leads to the conclusion that Tl in TlFe 4 Sb 12 behaves like a monovalent cation. Even the fine structure, i.e., the states close to the Fermi energy E F , are very similar for the Na, K, and Tl compounds ͑see inset of Fig. 6͒ pounds can be expected already from the nonmagnetic electronic structure.
From the calculated Fermi surface sheets and corresponding band-resolved DOS, a strong compensation of hole and electron charge carriers in the TlFe 4 Sb 12 system is found, although this compensation is significantly less pronounced compared to the Na and K systems. 28 This is in good agreement with the measured Hall data.
Because of the high DOS at E F and the predominance of Fe 3d states, the compound fulfills the Stoner criterion for a magnetic instability. Consequently, a magnetic ground state is expected. In accord with this reasoning, spin-polarized LSDA calculations find a ferromagnetic ground state similar to the alkali-metal compounds. 2 The spin-polarized DOS is given in Fig. 7 . We find a total magnetic moment of 2.9 B per formula unit. The main contribution is due to the Fe atoms ͑0.82 B per atom͒. Sb ͑−0.03 B per atom͒ and Tl ͑−0.06 B per atom͒ are slightly polarized in the opposite direction. The macroscopic magnetization in low fields, however, is strongly reduced due to spin fluctuations. Like in the alkali-metal compounds, 3 the calculated ground state is nearly half-metallic, the ͑static͒ spin polarization is 96%. This large spin polarization is not expected to persist in real electronic transport, but still a transport spin polarization up to 67% ͑60%͒ could be observed for the K ͑Na͒ compound and reasons for the reduction of the polarization have been discussed. 3 The two main differences in the valence DOS of TlFe 4 Sb 12 and the alkali-metal compounds are ͑i͒ the feature at −6 eV originating from the Tl 6s electrons and ͑ii͒ the reduced gap size directly above the Fermi level, which is related to the t 2g -e g crystal field splitting of the Fe 3d states. The narrow width of the band around −6 eV indicates a rather localized nature of these Tl states. This localization suggests, in the language of chemical bonding, that they can be considered as a lone pair. The low-lying Tl 6s states only weakly hybridize with the 5s states of the surrounding Sb atoms, albeit significantly stronger than the alkali-metal ions in NaFe 4 Sb 12 and KFe 4 Sb 12 . This gives an explanation for the charge transfer and why the Tl and the alkali-metal compounds behave electronically similar. The resulting lattice vibrations ͑especially those of the cations͒ of the compounds are, however, very different.
Recently, Ghosez and Veithen 32 showed, by firstprinciples calculations for the related model compound TlCo 3 FeSb 12 , how this hybridization affects the dynamic properties of Tl in the structure. Good agreement with experimental data 13 was reported. Thus, contingent on the nature of the cation, a more or less strong hybridization of the cation vibrational modes with modes of the framework can be expected.
Additional peaks in the PDOS or other effects due to hybridization of the vibrations of the cations with the Sb phonons have been observed in some filled skutterudites ͑no-tably La x Fe 4 Sb 12 , Refs. 31 and 33-35͒ by neutron spectroscopy. The most clear-cut result was obtained for Eu x Fe 4 Sb 12 , where, by nuclear inelastic scattering, the partial PDOS for Eu atoms was determined. 36 For the Eu 2+ cation, three distinct peaks were observed at 7.3͑1͒, 12.0͑4͒, and 17.8͑5͒ meV with different spectral weights. This splitting of the cation mode is consistent with ab initio PDOS calculations. 32, 33, 37 The peaks at higher energy are found, as expected, in the PDOS region of the Sb vibrations. Recently, the PDOS for Sb atoms could also be determined by nuclear inelastic scattering for a filled ͑Eu x Fe 4 Sb 12 ͒ and an unfilled skutterudite ͑CoSb 3 ͒. 38 A small peak in the difference of the Sb-PDOS of both compounds is evidence for a weak coupling of the host lattice vibrations with those of the cation. This weak coupling is currently discussed in connection with the lower thermal conductivity of filled cage compounds compared to their unfilled variants.
For Eu x Fe 4 Sb 12 , the relative spectral weight of the lowestlying peak in the Eu-PDOS was only 68%, 36 and a similar distribution of cation PDOS can be expected for other heavy cations in skutterudites. Actually, this value for Eu 2+ ions compares favorably with the value observed in our specific heat data for Tl 1+ ions. For further discussions of the topic on a wider range of cations, see Refs. 28 and 39. 57 Fe Mössbauer spectroscopy has been applied as a local probe for the magnetic interactions in TlFe 4 Sb 12 ͑Fig. 8͒. The results can be compared with our previous measurements on NaFe 4 Sb 12 .
F. Mössbauer spectroscopy
2 Due to the asymmetry in the spectra of the Tl compound ͓best visible in the in-field measurements of Fig.  8͑c͔͒ , a superposition was necessary of at least two subspectra with area ratio around 80:20 and linewidths of approximately 0.24 mm s −1 to obtain a reasonable fit. In zero external field above T C = 80 K, only quadrupole split spectra were recorded ͓e.g., Fig. 8͑a͔͒ . The values for the quadrupole splitting decrease slightly with temperature ͑Fig. 9͒.
Below 80 K, magnetic hyperfine splitting appears. At 4.2 K and external fields 0 H ext Ն 4 T, complete alignment of external and internal fields can be assumed because of the vanishing of the ⌬m = 0 transitions. From the difference of external fields and the measured hyperfine fields, the induced fields, 0 H ind , were deduced for the two subspectra. 0 H ind of 0.7 T ͑majority component͒ and 1.8 T ͑minority component͒ were obtained. These values for the subspectra are independent of 0 H ext as expected for a ferromagnetically ordered compound. In a previous study on NaFe 4 40 From the temperature dependence of the center shift ͑Fig. 10͒, Debye temperatures for the two sites were determined ͑with the assumption of a temperature-independent isomer shift͒ by expressing the second order Doppler shift, SOD, via Fe Mössbauer spectra recorded in transmission geometry at ͓͑a͒ and ͑b͔͒ zero and ͑c͒ 0 H = 13.5 T external field at various temperatures. The full lines are fits to the data assuming a superposition of two subspectra indicated by dashed ͑80%͒ and dotted lines ͑20% of the total area͒. 42 The difference correlates well with the results obtained from our calculations of the binding energies, which indicate a much stiffer Fe-Sb binding compared to the Sb-Sb bond. 2 Although crystallographically only one Fe site is present in the structure, at least two subspectra are necessary to analyze the obtained Mössbauer spectra in a consistent way. The spectrum with lower intensity is not due to binary Fe-Sb impurities since the reported hyperfine parameters are quite different. 43 40, 44 where the number of voids on the cation sites can be correlated with the spectral area ratio of the Mössbauer analyses. This agreement led to the assumption that the 57 Fe probe atom is either surrounded by two ͑com-plete filling͒, one, or zero ͑partly filling͒ M cations in the next-nearest-neighbor shell. Due to these different surroundings, different spectra will be obtained. Since for our TlFe 4 Sb 12 sample the occupation of the 2a site with Tl is high ͓98͑2͒%͔, the probability ͑in the case of a statistical distribution͒ of two neighboring voids is small ͑e.g., for the occupation number of 0.98, one gets a probability of 0.960, 0.039, and 0.000 for two, one, and zero Tl atoms, respectively͒. A similar scenario was suggested for the strongly substoichiometric Co-based Tl skutterudites Tl 0.8 Co 3 FeSb 12 and Tl 0.5 Co 3.5 Fe 0.5 Sb 12 by Long et al., 12 but it was called into question, because of the deviation of the observed area ratio of the subspectra from the one expected by taking into account a binomial distribution.
From the area ratio of the present investigation, a void concentration of at least 10% follows. Results of chemical and structural analyses point, however, to a filling of at least 96%. This discrepancy makes an interpretation of the two different Fe sites in terms of voids in the surrounding Tl shells of the Fe species difficult. In contrast to semiconducting TlCo 3 FeSb 12 , 32 there exists at present no experimental clue or a theoretical indication for a difference in the charge density at the Fe site in metallic skutterudites. Similarly, the presence of small amounts of Tl 3+ ions, thus generating a second component in the Fe Mössbauer spectra, is highly unlikely ͑see discussion in Sec. III A͒.
IV. CONCLUSIONS
A filled skutterudite with ͓Fe 4 Sb 12 ͔ host and monovalent thallium cation has been synthesized and chemically and structurally characterized. The magnetic, thermal, and 57 Fe Mössbauer effect measurements all show that TlFe 4 Sb 12 is a weak itinerant electron ferromagnet with T C Ϸ 80 K, very similar to the isostructural skutterudites with the cations Na + and K + . Electronic band structure calculations confirm the itinerant ferromagnetism and predict a half-metallic behavior with a high spin polarization. This should result in a large conduction electron spin polarization in TlFe 4 Sb 12 , as recently demonstrated for the Na and K analogs. Specific heat has detected a low-lying Einstein mode ͑⌰ E =53 K͒ which is related to the vibrations of the heavy Tl cation in the icosahedral Sb cage. From the specific heat data, indications are found and discussed that the cation ͑Tl͒ vibrations have a significant hybridization with the host atoms ͑Sb͒. As a consequence, the Einstein mode in low-temperature specific heat comprises only a part of cation vibrations. 57 Fe Mössbauer spectroscopy shows a small hyperfine splitting below T C = 80 K and revealed a second weak subspectrum, whose origin is not yet clear. Conclusively, we have established a third Fe-Sb based itinerant ferromagnet in which the magnetic moment solely results from band magnetism of Fe-Sb states at the Fermi level.
